Escherichia coli is the most common cause of urinary tract infections (UTIs). E. coli genes epidemiologically associated with UTIs are potentially valuable in developing strategies for treating and/or preventing such infections as well as differentiating uropathogenic E. coli from nonuropathogenic E. coli. To identify E. coli genes associated with UTIs in humans, we combined microarray-based and PCR-based analyses to investigate different E. coli source groups derived from feces of healthy humans and from patients with cystitis, pyelonephritis, or urosepsis. The cjrABC-senB gene cluster, sivH, sisA, sisB, eco274, and fbpB, were identified to be associated with UTIs. Of these, cjrABC-senB, sisA, sisB, and fbpB are known to be involved in urovirulence in the mouse model of ascending UTI. Our results provide evidence to support their roles as urovirulence factors in human UTIs. In addition, the newly identified UTI-associated genes were mainly found in members of phylogenetic groups B2 and/or D.
scherichia coli is the most common cause of urinary tract infections (UTIs), including acute cystitis, pyelonephritis, and urosepsis, three common and clinically distinct UTI syndromes. It is widely accepted that uropathogenic E. coli (UPEC) originates from the distal gut microbiota (8, 13, 15) . To cause ascending UTI, UPEC needs to overcome and adapt to different distinct host environments, such as the bladder, the kidneys, and even the bloodstream. Accordingly, UPEC tends to be distinct from the commensal E. coli strains in the intestinal tract in having extra virulence genes, allowing their successful transition from the intestinal tract to the urinary tract.
An epidemiological association between an E. coli gene and UTIs may suggest that the gene itself encodes a factor contributing to urovirulence or has a genetic linkage to such a gene. Therefore, the genes associated with UTIs are potentially valuable in differentiating UPEC from nonuropathogenic E. coli and in the development of strategies for managing and preventing this particular type of disease.
Palaniappan et al. have developed an oligonucleotide-spotted microarray containing probes representing 342 E. coli genes to differentiate E. coli pathotypes (27) . A majority of the genes are derived from the UPEC strain CFT073, the enterohemorrhagic E. coli strain EDL933, and the commensal E. coli K-12 strain MG1655. The remaining genes are derived from other E. coli strains capable of causing intestinal infections. The association of the majority of the 342 genes in the array with UTIs has not yet been investigated, except for 36 uropathogenic genes included among them (27) .
To identify E. coli genes associated with UTIs, we used the microarray developed by Palaniappan et al. to screen for the genes potentially associated with UTIs and then performed a PCR-based analysis with a larger bacterial sample size to confirm these genes' epidemiologic associations with UTIs. One gene cluster and five individual genes (here the gene cluster and five individual genes are referred to as MIGs [microarray-identified genes]) were associated with UTIs. Of these, the gene cluster and three of the individual genes have recently been shown to be involved in urovirulence in the mouse model of UTI (6, 20, 22) . In addition, we analyzed the phylogenetic distribution of the MIGs and assessed the correlations between these MIGs, as well as between these genes and 15 known virulence genes.
MATERIALS AND METHODS

E. coli isolates and patients.
The UTI-associated isolates in this study, cystitis, pyelonephritis, and urosepsis isolates, were collected from two hospitals in Taiwan: the China Medical University Hospital (CMUH) at Taichung City in central Taiwan and National Cheng Kung University Hospital (NCKUH) at Tainan City in southern Taiwan. The UTIassociated isolates used in this study were a subset of the 2,206 E. coli strains isolated from the urine specimens submitted to the diagnostic laboratories of the two hospitals between June 2006 and April 2007 (1, 619 isolates from CMUH and 587 isolates from NCKUH). According to the diagnostic criteria mentioned below, among the 1,619 isolates from CMUH, 696 isolates were from cystitis patients, 421 isolates from pyelonephritis patients, and 372 from urosepsis patients. Among the 587 isolates from NCKUH, 229 isolates were from cystitis patients, 141 isolates from pyelonephritis patients, and 94 isolates from urosepsis patients. According to the diagnostic criteria of UTIs previously described (35), the prerequisite for patients with UTIs was that their fresh urine samples contained bacterial counts of Ն10 5 CFU/ml. Cystitis was defined by the presence of dysuria, urinary frequency, and/or lower abdominal pain. Pyelonephritis was based on the presence of body temperature Ն38.3°C, flank pain, and/or costovertebral angle tenderness, with or without the syndrome of cystitis. Urosepsis was defined by the presence of bacteremia in addition to UTI syndromes.
The diagnostic criteria for BTI were fever, abdominal pain in the right upper quadrant, and/or jaundice, with imaging demonstrating the presence of acute cholecystitis or acute cholangitis (37) .
DNA microarray analysis. For genomic DNA preparation, a single colony of bacteria was inoculated into LB broth and incubated at 37°C for 12 h to a concentration of around 3 ϫ 10 9 CFU/ml. Four milliliters of the overnight bacterial culture was then subjected to genomic DNA extraction with a Qiagen DNeasy kit (Qiagen, Valencia, CA) according to manufacturer's instructions. The integrity of the genomic DNA was verified by 1% agarose gel electrophoresis stained with ethidium bromide. Two micrograms of the genomic DNA was used for the enzyme digestion and labeling processes and then concentrated to a volume of 12 l for the following hybridization with the microarray. Microarray printing, bacterial genomic DNA labeling, microarray hybridization, and data acquisition were performed as previously described (27) . Each slide had triplicate spots of each gene. Similarly, the derived data were analyzed as previously described but with a modification in the cutoff criteria, determining the positive signals. For each gene, the background-subtracted median fluorescence intensities of triplicate spots were averaged and log 2 transformed, designated L values. A gene was considered positive when its L value was greater than the value of the mean (M) subtracted by the standard deviation (SD) of the L values derived from 48 genes commonly present in the E. coli strains MG1655, CFT073, and EDL933 (27) .
Fifteen of the 342 E. coli gene probes were selected as positive controls for the microarray experiments, because the target genes they hybridize with were identified in all the current available E. coli strains with complete genome sequences (some of them have been demonstrated as E. coli essential genes) (see Table S1 in the supplemental material). Twenty Salmonella enterica serovar Typhimurium LT2-specific gene probes and the autoblanks (spots of dimethyl sulfoxide without any probes) were used as the negative controls (see Table S1 ) (27) .
PCR-based genotyping and phylogenetic typing. The frequencies of the genes screened in by the microarray analysis were determined by PCRbased analysis. The primers were designed to target the conserved regions of the MIGs ( Table 1 ). The PCRs were heated to 95°C in an automated thermal cycler for 5 min, followed by 30 cycles of denaturation (95°C, 45 s), annealing (59°C, 45 s), and extension (72°C, 50 s). Taq polymerase was used in the reactions. The phylogenetic groups of the 342 E. coli isolates were determined based on the PCR-based method described previously (5) . The frequencies of the 15 selected known virulence genes of extraintestinal pathogenic E. coli were determined by PCR-based assays, using primers and PCR conditions as described previously (3, 16) .
The following E. coli strains were used as controls for the PCR-based analysis of the MIGs and the known virulence genes. The E. coli strains which served as positive controls included CFT073 (sivH, shiA, sisA, sisB, fbpB, papGII, chuA, ompT, sat, iha, usp, ireA, iroN, and hlyA), UTI89 (cjrA, cjrB, cjrC, senB, cnf1, sfaS, and ibeA), EDL933 (eco274), J96 (papGI and papGIII), and one of the UTI-associated clinical isolates, A53, which was identified to harbor afa/dra by sequencing the PCR product amplified by the afa/dra specific primers (afa/dra). MG1655 was used as a negative control for all the genes except ompT. An ompT deletion mutant of E. coli strain RS218 was constructed and served as the negative control of ompT.
The PCR amplification was done in a 25-l reaction mixture. Amplifications were carried out in Eppendorf Mastercycler gradient thermal cycler (Eppendorf, Hamburg, Germany). The PCR products were electrophoresed in 1.5% agarose gels, stained with ethidium bromide, and photographed using an AlphaImager HP system (Cell Biosciences, Inc., Santa Clara, CA). The sizes of the products were determined by comparing them with a 100-bp DNA ladder (Fermentas Inc., Glen Burnie, MD) run on the same gel. All PCR tests were performed 3 times with independently prepared boiled lysates. Additional investigations were further conducted, if discrepancies between the independent assays occurred.
Statistical analysis. Comparisons involving the frequencies of a given gene in different groups were measured by using two-tailed Fisher's exact test. A P value of Ͻ0.05 was arbitrarily set as the threshold for statistical significance. Correlations between genes were measured by using Fisher's exact test (two-tailed). Because of multiple comparisons, a P value of Ͻ0.01 was arbitrarily set as the threshold for statistical significance, with a P value of Ͻ0.05 as the borderline statistical significance (12, 14) .
RESULTS
E. coli genes potentially associated with UTIs. To screen for E. coli genes that are potentially associated with UTIs, a microarraybased pilot study was conducted by using 40 E. coli isolates which were divided into 4 source groups according to the clinical syndromes (or conditions) with which they were associated: fecal isolates from healthy humans (n ϭ 8), cystitis isolates (n ϭ 12), pyelonephritis isolates (n ϭ 10), and urosepsis isolates (n ϭ 10) (Table 2 ). The bacterial isolates were subjected to gene profiling using the DNA microarray developed by Palaniappan et al. (27) . With the gene profiles derived from the microarray data, we determined the frequencies of each microarray-detectable gene in the 4 source groups of E. coli (see Table S1 in the supplemental material). Based on the results of this pilot study, eight genes (cjrA, cjrB, cjrC, SenB, sivH, shiA, eco274, and fbpB) were selected for further study, since they exhibited higher frequencies in the UTIassociated source groups than those in the fecal source group. While these differences in frequencies were consistently observed between UTI-associated and fecal source groups, only the sivH in the pyelonephritis isolates reached statistical significance (Table  2 ). Based on BLAST and literature searches, their potential functions were predicted (Table 3) . Among them, cjrA, cjrB, and cjrC are located in the operon cjrABC, and senB is located downstream of the operon with its 5= end partially overlapping with cjrC (32). Thus, cjrABC and senB are referred to as cjrABC-senB in this study. According to recent studies using the mouse model of ascending UTI, cjrABC-senB, shiA, and fbpB are involved in the virulence of UPEC (6, 20, 22) . However, this is the first time their association with human UTIs has been studied.
PCR confirmed associations between the MIGs and UTIs. To further confirm whether the genes identified from the microarraybased pilot study are associated with UTIs, a PCR-based analysis with a larger sample size was performed. Here, another source group containing E. coli isolates causing BTI-associated bacteremia (BTI-associated isolates) was included in addition to the original 4 source groups. The 5 source groups contained a total of 342 E. coli isolates (Table 4) . We compared the distributions of 6 known virulence genes (papGII, cnfI, hlyA, chuA, iroN, and usp) in the UTI-associated source groups with those in the fecal isolates, all the virulence genes exhibited significantly higher frequencies in the UTI-associated source groups than the fecal isolates (see Table  S2 in the supplemental material).
According to the PCR analysis with all the E. coli isolates, 107 isolates had at least 1 gene of cjrABC-senB. A total of 104 out of the 107 isolates (97%) contained all 4 genes, suggesting that their coexistence is common in E. coli. Therefore, we investigated the distribution of the intact gene cluster, cjrABC-senB, by detecting the 4 genes separately with different primer pairs specific to each gene (Table 1) . Two shiA homologs, sisA and sisB, are identified in E. coli (22) , but the microarray used in this study could not differentiate between them. SisA and SisB share 86% identity at the level of amino acid sequences, with their N termini being the most divergent parts. The distributions of shiA, sisA, and sisB were investigated separately by using shiA primers, able to detect the sequence common to sisA and sisB, and primers specific to sisA and sisB, in the PCR-based analysis (Table 1) .
Overall, the results confirmed that these MIGs are associated with UTIs. The frequencies of most of the MIGs in each of the UTI-associated source groups (cystitis, pyelonephritis, and urosepsis) were significantly higher than those in the fecal source group (Table 4) . Although the frequencies of eco274 in the cystitis and fecal isolates were not significantly different, its frequencies in the pyelonephritis and urosepsis isolates were significantly higher than those in the fecal isolates.
When the three UTI-associated source groups were compared, shiA and sisA showed significantly higher frequencies in the pyelonephritis isolates than in the cystitis isolates (Table 4) . When the UTI-associated groups were compared with the BTI-associated group, the distributions of cjrABC-senB, sivH, shiA, sisA, and fbpB markedly favored the UTI-associated bacterial isolates (Table 4) . sisB tended to exhibit higher frequencies in the UTI-associated isolates than in the BTI-associated isolates, although the differences did not reach statistical significance. In addition, when the a The gene's designation used in the microarray described previously (27) . b The potential functions of all the genes are based on the BLAST search, except for that of shiA, which is based on the finding of Lloyd et al. (22) . c The accession no. indicates UTI89-derived cjrA, cjrB, cjrC, and senB; CFT073-derived shiA, sivH, and fbpB; IAI39-derived eco274, respectively. d sivH is also named sinH.
BTI-associated isolates were compared with the fecal isolates, the frequencies of the MIGs were not significantly different (data not shown). Phylogenetic distribution of the MIGs. The MIGs were mainly concentrated within phylogenetic groups B2 and/or D (Table 5) . cjrABC-senB and eco274 showed significantly greater frequencies in group D than in group B2, while sivH and fbpB were present with significantly higher frequencies in group B2 than in group D. sivH and fbpB were almost entirely confined to group B2 and were not found in group A or B1. The frequencies of shiA, sisA, and sisB in group B2 and in group D isolates were not significantly different.
Stratification of the MIGs by phylogeny. To determine whether the associations of the MIGs with UTIs were still present in individual phylogenetic groups, we further evaluated the distributions of the genes in the fecal and UTI-associated isolates with stratification of individual phylogenetic groups. Since the genes were mainly concentrated in groups B2 and/or D, and were relatively rare in groups A and B1 (Table 6 ), only the group B2 and group D strains were assessed.
In group B2, the distributions of shiA, sisA, and sisB still markedly favored the UTI-associated isolates over the fecal isolates (Table 6). The frequencies of sivH in the cystitis and pyelonephritis isolates of B2 bacteria were higher than those in the B2 fecal isolates, while the frequencies of fbpB in the cystitis and urosepsis isolates of B2 bacteria were higher than those in the B2 fecal isolates (Table 6) .
In group D, when the UTI-associated source groups were compared with the fecal source group, a significant difference in frequencies favoring the cystitis and pyelonephritis isolates was still detected for cjrABC-senB, shiA, and sisA.
Correlations of the MIGs with one another and with known virulence genes. We performed pairwise comparisons of the MIGs with one another and with the 15 selected known virulence genes among the 203 UTI-associated E. coli isolates (the total isolates in the source groups of pyelonephritis, cystitis, and urosepsis) (Table 7) .
When the MIGs were compared with one another, both positive and negative associations were detected. The positive associations seemed to be related to the phylogenetic distribution of the E. coli strains which carried these genes. sivH and fbpB, which were mainly concentrated in group B2 (Table 5) , were positively associated with each other. cjrABC-senB and eco274, whose frequencies in group D were significantly higher than those in group B2 (Table 5) , demonstrated a positive association. sisA and sisB, whose frequencies in groups B2 and D were not significantly different (Table 5) , exhibited a marginal positive statistical association (P ϭ 0.014) (data not shown). In addition, negative associations were detected when sivH was compared with cjrABC-senB and eco274.
As to the associations between MIGs with the 15 known virulence genes, positive and negative associations were also detected (Table 7) . Of note, the association patterns of sivH and eco274 with some of the known virulence genes were opposite. sivH was positively associated with cnf1, usp, ireA, iroN, sfaS, while eco274 was negatively associated with these genes. In addition, sivH was negatively associated with sat and iha, while eco274 was positively associated with these genes (Table 7) . (44) 23 ( (9) 19 (28) 16 (22) 20 ( 
DISCUSSION
This study is the first to identify the epidemiological associations of the E. coli genes cjrABC-senB, sivH, sisA, sisB, eco274, and fbpB with UTIs by utilizing the microarray and PCR-based analyses on fecal isolates and three distinct UTI syndrome-associated isolates.
Most of the MIGs were associated with all three distinct UTI syndromes, cystitis, pyelonephritis, and urosepsis, while eco274 was associated only with pyelonephritis and urosepsis. cjrABC-senB, sisA, sisB, and fbpB have recently been found to be involved in the virulence of UPEC in the mouse model of ascending UTI (6, 20, 22) . Consistently, our results show these genes' associations with human UTIs, while supporting their roles as E. coli virulence factors in human UTIs. As for eco274 and sivH, their roles in urovirulence have not yet been assessed in the mouse model. However, they are likely to be urovirulence genes themselves or have genetic linkage with such genes, based on their associations with UTIs. Thus, these MIGs could be potential targets for developing preventive and/or therapeutic strategies for UTIs as well as potential markers of UPEC. cjrABC-senB has been shown to be present on the plasmids of enteroinvasive E. coli (EIEC) and two UPEC strains, UTI89 and UMN026 (26, 32, 34) . Interruption of this gene cluster in UTI89 decreases the bacterium's ability for bladder colonization in the early stage of the mouse model of UTI (6) . The cjrABC operon is predicted to be involved in iron acquisition, which may contribute to urovirulence (6) . senB encodes the TieB protein, which may have some role in enterotoxicity of EIEC (26) . However, its role in UTIs is not yet clear. senB and the gene encoding the ShET-2 toxin, named senA (or sen), are located on a plasmid of enteroinvasive E. coli strain EI37 (26) . It has been proposed that the polar effect caused by interruption of senB may affect expression of senA (26) . However, Soto et al. showed that senA was not present in all of the 170 UPEC clinical isolates they examined (33); therefore, it seems unlikely that the association of senB with UTIs is strictly based on its effect on senA expression.
shiA is primarily identified in the SHI-2 pathogenicity island (PAI) of Shigella flexneri (25, 36) . This gene has been shown to be involved in the downregulation of inflammatory responses in both the rabbit ileal loop and mouse lung models of shigellosis (10, 11) . The shiA homologs, sisA and sisB, in the UPEC strain CFT073 have been shown to be involved in suppressing the host immune response, facilitating bacterial colonization of the bladder and kidney during the initial stage of UTI in mice (22) . fbpB is located in the fbp locus, which contains the genes fbpABCD and is potentially involved in iron acquisition (28) . fbpB is predicted to encode a periplasmic siderophore-binding protein (28) . CFT073 contains two identical copies of fbpABCD located in distinct genomic islands, PAI-CFT073-aspV and GI-CFT073-cobU (21) . The CFT073 mutant with deletion of the two fbp loci is significantly outcompeted by the wild-type strain in the bladders and kidneys of mice (20) .
sivH was originally identified in the CS54 island of Salmonella enterica serotype Typhimurium (24) . The sivH of Salmonella is known to be involved in the colonization of the Peyer's patches in mice (17) . Deletion of the genomic island RDI 13, which contains sivH, in the meningitis-associated E. coli strain RS218 decreases the bacterium's ability to adhere to and invade human brain microvascular endothelial cells (39) . Whether SivH contributes to the urovirulence of UPEC is unknown.
eco274 is classified as an EDL933-specific gene in the DNA microarray used in our initial screening (27) . This gene is located in the O island number 148 of EDL933 (29) . Its role in urovirulence is unknown. When the three UTI-associated groups were compared with the fecal isolates, it was noted that eco274 was not associated with cystitis but rather only with pyelonephritis and urosepsis. Thus, eco274 is likely to encode a virulence factor involved only in pyelonephritis and urosepsis or have a genetic linkage with a gene encoding such a virulence factor.
The distributions of several MIGs in the UPEC strains revealed in this study are consistent with results from other related studies. The frequencies of cjrABC-senB in the three UTI-associated groups ranged from 36% to 43% in the present study, which is similar to the findings of Cusumano et al. that senB exists in 8 of 18 UPEC isolates (44%) (6) . Similarly, the higher frequencies of sisA in the UTI-associated groups compared to those of sisB in our study (67% to 80% versus 28% to 31%) support the hypothesis of Lloyd et al. (20) that sisA is more prevalent than sisB in UPEC isolates. Their hypothesis is based on the findings that in all sequenced bacterial species, sisA is mainly distributed in extraintestinal pathogenic E. coli strains, while sisB is mainly distributed in enteric strains (22) . Also, our finding that no significant difference in the distributions of fbpB between the cystitis and pyelonephritis isolates is consistent with the findings of Parham et al. that the distributions of the fbp locus in these two types of isolates are not significantly different (28) . However, the fbpB frequencies in the cystitis and pyelonephritis isolates in our study (45% and 44%, respectively) are lower than those of the fbp locus in the same types of isolates in the study of Parham et al. (58% and 59%, respectively). In addition, Lloyd et al. classified fbpB as UPEC specific based on an investigation of 11 UPEC and 4 fecal or commensal E. coli strains, showing that fbpB is present in all the UPEC strains but not in the fecal/commensal strains (21) . However, in our study, fbpB was detected in 18 out of the 115 fecal isolates ( Table 4) , suggesting that fbpB is not a UPEC specific gene, although its frequencies in fecal isolates were significantly lower than those in the UTI-associated isolates.
The significantly higher frequency of shiA in the pyelonephritis group than that in the cystitis group may be due to the distribution of sisA. This is because the frequency of the shiA distribution was the composite of the sisA and sisB distributions, and only sisA but not sisB exhibited higher frequencies in the pyelonephritis group than in the cystitis group. In addition, the significantly higher frequencies of sisA in the pyelonephritis group may suggest that sisA plays a more important role in pyelonephritis than in cystitis.
The distributions of the MIGs, which were mainly concentrated in groups B2 and/or D, are similar to those of most extraintestinal virulence genes, concentrated in groups B2 and/or D as well (12, 15) . Such accordance is supportive to our assertion that the MIGs are potential virulence genes or have genetic linkage to such genes.
The associations of the MIGs with extraintestinal infections may be syndrome dependent (i.e., BTI versus UTI), because these genes were correlated with the UTI-associated isolates, but not with the BTI-associated isolates, compared with the fecal isolates. Wang et al. have shown that E. coli strains responsible for BTI mainly belong to the phylogenetic groups A and B1 (37) , unlike the other extraintestinal pathogenic strains, including UPEC, mainly belonging to phylogenetic group B2 and, to a lesser extent, group D (7, 16, 30) . Similarly, 50% (12/24) of the BTI-associated isolates in this study belong to phylogenetic group A (data not shown). Given our finding that these MIGs were mainly concentrated in phylogenetic groups B2 and/or D, such distinct phylogenetic distribution of BTI-associated isolates might be responsible for the syndrome-dependent associations. However, the possibility that these genes are specifically associated with UTIs, but not other types of extraintestinal infections, cannot be excluded. A detailed study to assess more types of extraintestinal infections caused by E. coli may be required. 
a Ϫ, P Ն 0.01; ϩ, P Ͻ 0.01; ϩϩ, P Ͻ 0.001. Because of multiple comparisons, a P value of Ͻ0.01 was arbitrarily set as the threshold for statistical significance, with a P value of Ͻ0.05 as borderline statistical significance (12, 14) . Parentheses indicate negative associations. "Identified" and "Known" indicate the MIGs and selected known virulence genes in this study, respectively.
The associations of cjrABC-senB, sivH, and fbpB with the UTI syndromes may not necessarily be phylogenetic group dependent, although these associations were observed exclusively in one of the investigated phylogenetic groups, B2 or D (Table 6 ). These observations may be due to the decreased sample size after stratification by phylogeny.
Two genes having genetic linkage, such as their colocalization in the same plasmid or genomic island, may result in a positive association. However, the MIGs positively associated with each other were not found in the same genomic islands or plasmids, according to the BLAST search on the completely sequenced E. coli strains. These observations suggest that such associations are not due to genetic linkages but due to a process of coselection, which may facilitate the pathogenesis in UTIs. As an example, cjrABC-senB is located in plasmids of E. coli strains (26, 32, 34) , while its positively associated genes, eco274 and sisA, are located in the chromosome (34, 38) . Also, sivH is located in a three-gene genomic island (named RDI 13 in RS218, as mentioned) which is always inserted between yfgJ and xseA in the chromosome (2, 4, 34, 38) , while sisA and fbpB, which are positively associated with sivH, are located in other PAIs (2, 34, 38) .
The positive association of sisA with the known virulence genes, papGII, iha, and sat, may be due to genetic linkages among them (Table 7) , because sisA and these known virulence genes are located in a PAI, PAI-CFT073-pheV, in CFT073 (21) . However, the associations are not absolute. In addition, sisA was not associated with hly, which is also located in PAI-CFT073-pheV (21) . These observations demonstrate that the genetic linkages between virulence factors in a PAI are not constant, supporting the suggestion of Johnson et al. that virulence genes may be transferred horizontally, independent of the PAIs where they were originally located, in addition to being transferred with the entire PAI (14) .
It is known that UPEC requires a combination of multiple virulence genes to cause infection (23) . The virulence gene combination of a UPEC strain may determine the pathogenesis process employed by this strain to cause infection. Johnson et al. have identified two groups of urovirulence genes. The member genes in the same group exhibit positive associations but, in general, negatively associate with genes in the other group (14) . Also, we found that eco274 and sivH, which were negatively associated with each other, exhibited opposite association patterns with a portion of the known virulence genes (as mentioned in Results). These findings imply that sets of virulence genes, with members that are for the most part discrete, may exist among UPEC strains to direct bacteria through distinct pathways to cause UTIs. However, a further study with more virulence factors to determine their distributions and cooccurrence is necessary to test this inference.
The expression of a bacterial gene in an environment may reflect the role of this gene in bacterial adaptation to this particular environment (31) . Thus, transcriptome analyses of UPEC genes during UTIs may provide clues to whether or not and how a bacterial gene is involved in pathogenesis of UTIs. According to a recent microarray analysis of E. coli global gene expression in 8 urine samples from different women with UTIs, expression of sisA is detected in most of the urine samples (9) , consistent with the notion that this gene is a virulence factor in human UTIs. However, the expression of sisB and fbpA, which is located upstream of fbpB in the fbp locus, was not detected in these urine samples (9) . This may be because sisB and the genes in the fbp locus are only transiently required for pathogenesis of human UTIs and the urine samples only represent a stage of the infection that these genes are not involved. Alternatively, since most urovirulence genes only exist in a portion of UPEC strains, the E. coli strains in these urine samples may not have harbored these potential virulence genes.
In conclusion, the MIGs are potential targets for developing preventive and/or therapeutic strategies to manage UTIs as well as potential markers for differentiating UPEC from nonuropathgenic E. coli. Virulence factors of UPEC are good targets for prevention and treatment of UTIs. For example, the FimH adhesin of type 1 fimbriae is responsible for colonization of UPEC on the uroepithelium of the bladder. FimH antagonists have been developed as an anti-adhesive drug for oral treatment of UTIs (18) . Also, FimH and iron receptors, such as IreA, Hma, and IutA, are able to induce a protective immune response against UPEC infections (1, 19) . Thus, cjrABC-senB, sisA, sisB, and fbpB, which are involved in urovirulence of UPEC, are potential therapeutic and/or preventive targets. In addition, all the MIGs are potential markers for UPEC. Such markers may be valuable in public health for monitoring biological threats, such as outbreaks of UTIs caused by E. coli and the emergence of new virulent E. coli strains, and also in basic microbiology research, such as studies in evolution and classification of pathogenic E. coli. However, so far, none of the known urovirulence factors alone is sufficient to account for the virulence properties of UPEC and most of the urovirulence genes only exist in a portion of UPEC strains. Therefore, to develop effective and widely usable preventive and/or therapeutic strategies to manage E. coli-caused UTIs, a combination of multiple urovirulence genes to serve as the targets may be necessary. Accordingly, the properties of the MIGs revealed in this study, including their prevalence, phylogenetic distribution, and correlation patterns with other known virulence genes, may be beneficial for designing such a gene combination for controlling these E. coli-caused diseases.
